Introduction
============

Cancer is a leading cause of death worldwide. According to the World Health Organization (WHO), deaths from cancer will reach 11 million annually by 2030. Biomedical research has provided a great deal of information about cancer, but the molecular mechanisms that lead to cancer remain poorly understood. The role of the tumor suppressor protein p53 is regarded as vital, as p53 is a nuclear phosphoprotein that induces cell cycle arrest and apoptosis in response to cellular stress, particularly DNA damage. Moreover, mutations in the p53 gene (*TP53*) are strongly associated with increased susceptibility to cancer ([@B1]).

p53 is a tetrameric flexible protein containing 393 residues. The N-terminal activation domain is able to interact with a number of proteins, whereas the C-terminal domain is responsible for tetramerization. The central region or core domain (p53C) of the protein constitutes the sequence-specific DNA-binding region ([@B2]) and is the segment most involved in mutant-related tumors.

Previously, we showed that the core domain of p53 forms β-sheet-rich fibrillar aggregates under mild denaturing conditions (hydrostatic pressure) ([@B3], [@B4]). At that time, our group hypothesized that p53 aggregation could lead to cancer ([@B3]). In support of this view, it has been reported that p53 regions other than the DNA-binding domain may undergo aggregation under physiological conditions ([@B5], [@B6]). In addition, the largely unstructured N-terminal transactivation domain aggregates into fibrils when incubated at low pH ([@B7]). We found that small cognate DNAs stabilize the core domain and full-length p53 and have the potential to rescue aggregated, misfolded species ([@B8]). Recently, we demonstrated that mutant p53 co-localizes with amyloid-like protein aggregates in cancer biopsies ([@B9]). Finally, aggregated mutant p53 induces co-aggregation of wild-type p53 and its paralogs p63 and p73 ([@B10]). Therefore, the hypothesis that p53 aggregation may participate in some cancers similarly to the situation in Alzheimer and Parkinson disease ([@B11], [@B12]) has attracted increasing attention ([@B3], [@B4], [@B10]).

Although p53 aggregation has been shown to occur ([@B3]--[@B10], [@B13]), we know little about the molecular mechanisms involved and its potential relevance to the tumorigenic process ([@B14]). The most frequent p53 mutation found in cancers is the hot-spot mutation R248Q, which renders the protein unable to bind cognate DNA and exert its proper functions ([@B15], [@B16]). Here, we asked whether wild-type p53 and R248Q could form aggregates under physiological conditions, what the properties of these aggregates would be and whether mutant p53 aggregates could seed aggregation of the wild-type isoform. The morphology, structure, kinetics, and toxicity of the aggregates were characterized at pH 7.2 and 5.0 for the first time using electron microscopy, dot-blots, x-ray diffraction, FTIR, and LIVE/DEAD viability assays. We found that full-length p53 undergoes amyloid aggregation in a pattern similar to that of the p53 core domain. In addition, we performed immunofluorescence co-localization assays and found positive amyloid aggregation in a tumor sample bearing the R248Q mutant and in breast cancer tumoral cell lines. This result corroborates our *in vitro* finding that R248Q has a higher propensity to aggregate than wild-type p53. Most interestingly, a mixture of amyloid oligomers and fibrils of R248Q were found to seed the aggregation of wild-type p53 in a prion-like fashion. This prion-like aggregation behavior would explain the negative dominance of mutant p53, and this knowledge may help in developing new therapeutic strategies to prevent or control cancer progression.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Chemicals

All reagents were of analytical grade. Distilled water was filtered and deionized through a Millipore water purification system.

#### Subcloning, Expression, and Purification of WT p53C and R248Q

p53C (comprising amino acid residues 94 to 312) subcloning, expression, and purification were performed as previously described ([@B3]).

#### p53C Aggregation

Three aggregation procedures were employed using 5 μ[m]{.smallcaps} of p53C, as follows. The HT aggregate procedure consisted of subjecting proteins to increasing temperatures, varying from 25 to 60 °C, at 5 °C increments and allowing the proteins to remain at each temperature for 10 min. The 37T aggregate procedure consisted of incubating p53C at 37 °C for 2 h. The HP aggregate procedure consisted of pressure-induced aggregation performed at 37 °C, in which proteins were submitted to increasing pressures up to 3 kbar in ∼500-bar increments, and the samples were incubated for 8 min at each pressure. The pressure cell was purchased from ISS (Champaign, IL). All measurements were performed using 50 m[m]{.smallcaps} Tris, pH 7.2 or 70 m[m]{.smallcaps} sodium acetate pH 5.0 as buffers, and both buffers contained 150 m[m]{.smallcaps} NaCl, 5 m[m]{.smallcaps} DTT, and 5% (v/v) glycerol.

#### Circular Dichroism (CD) Measurements

CD experiments were carried out using a Jasco J-715 spectropolarimeter (Jasco Corporation, Japan) and a 0.01-cm path length quartz cuvette. Far-UV spectra of 25 μ[m]{.smallcaps} for WT or R248Q p53C were monitored from 200 to 260 nm and averaged over 3 scans. The buffer (50 m[m]{.smallcaps} Tris pH 7.2 or 70 m[m]{.smallcaps} sodium acetate pH 5.0, both containing 150 m[m]{.smallcaps} NaCl, 5 m[m]{.smallcaps} DTT, and 5% (v/v) glycerol) baselines were subtracted from their respective sample spectra.

#### Thioflavin T Fluorescence

Thioflavin T (ThT)[^3^](#FN4){ref-type="fn"} fluorescence was acquired using an ISS-PC1 spectrofluorimeter (ISS, Champaign, IL) with excitation at 450 nm and emitted light collected in the 470 to 530 nm range. p53C (5 μ[m]{.smallcaps}) was incubated with 50 μ[m]{.smallcaps} ThT, and the temperature or pressure was increased to obtain the HT or HP aggregates, respectively. To measure the aggregation kinetics, soluble p53C (5 μ[m]{.smallcaps}) was incubated at 37 °C for 2 h (37T aggregate) with 25 μ[m]{.smallcaps} ThT. ThT emission was collected over time at 480 nm (the excitation was set at 450 nm). p53 samples were routinely centrifuged at 14,000 rpm/15 min prior to the experiments to eliminate any background aggregation signal.

#### Dynamic Light Scattering (DLS)

DLS data of soluble oligomeric species (obtained after centrifugation of p53C aggregates at 14,000 rpm/15min) were acquired using a DynaPro NanoStar instrument (Wyatt Technology) with three independent acquisitions of 10 measurements each.

#### Fourier Transformed Infrared (FTIR) Spectroscopy

After aggregation, the samples were dialyzed against water and further lyophilized and were then deposited directly on the ATR surface of a Nicolet 6700 IR instrument (Thermo Corp.). The amide I region (1700--1600 cm^−1^) was deconvoluted using OMNIC software (Thermo Corp.), and the secondary structure components were assigned as previously described ([@B17], [@B18]).

#### Transmission Electron Microscopy (TEM)

The ultrastructure of the p53C aggregates (HT aggregate, 37T aggregate and HP aggregate) was analyzed using TEM in a Jeol 1200 EM operated at 80 kV using negative staining. Samples were adhered to a carbon-coated grid and stained with a 2% solution of uranyl acetate prepared in water.

#### Dot-blot Assay

Aggregates of WT p53C and mutant R248Q at pH 7.2 or 5.0 were placed onto a nitrocellulose membrane at a concentration of 50 μ[m]{.smallcaps} in a final volume of 10 μl. The membrane was blocked with TBS-T (10 m[m]{.smallcaps} Tris-HCl, 0.15 [m]{.smallcaps} NaCl pH 8.0, 0.1% Tween 20) + 5% nonfat milk for 2 h at room temperature and incubated for 18 h at 4 °C with the primary antibody A11 (which recognizes several types of amyloid oligomers ([@B19])) at a 1:1,000 dilution (Chemicon, CA). The membrane was then washed with TBS-T and incubated with an HRP-conjugated secondary antibody at a 1:10,000 dilution for 1 h at room temperature in TBS-T + 5% nonfat milk. After five washes with TBS, the membrane was developed using an ECL kit (GE Healthcare, Buckinghamshire, UK). We used bovine serum albumin (BSA) and soluble WT p53C as negative controls. The aggregate of the amyloidogenic protein TTR (transthyretin) was used as a positive control.

#### X-ray Fibril Diffraction

x-ray diffraction of fibrils was measured using the D03B-MX1 beamline at the National Laboratory of Synchrotron Light (Campinas, SP, Brazil). The wavelength used was λ = 1.488 Å, the distance between the sample and the CCD detector (MarResearch) was 100 mm, and the image was acquired at a fixed angle for 15 min and recorded using AutoMar software (MarResearch).

#### Cytotoxicity Assay

Vero cells were maintained in DMEM-high glucose supplemented with 10% fetal bovine serum at 37 °C in a 5% CO~2~ atmosphere. After reaching 80% confluence, cells were plated in 24-well plates, and the aggregates were added at a 4 μ[m]{.smallcaps} final concentration. After 48 h, the cells were tested with the LIVE/DEAD Viability/Cytotoxicity Assay kit (Invitrogen). Cell fluorescence was visualized under an LSM 510 meta fluorescence microscope (Carl Zeiss International, Oberkochen, Germany). The buffers used included the following: 10 m[m]{.smallcaps} Tris and 10 m[m]{.smallcaps} NaCl, pH 7.2; or 10 m[m]{.smallcaps} MES and 10 m[m]{.smallcaps} NaCl, pH 5.0.

#### Congo Red Binding to Aggregates and Birefringence Analysis

Evaluation of Congo red binding to p53 aggregates was carried out according to Lai *et al.* ([@B20]). Briefly, after protein aggregation in CRBB (Congo red binding buffer), containing 5 m[m]{.smallcaps} phosphate, 150 m[m]{.smallcaps} KCl, pH 7.5, 1 μ[m]{.smallcaps} p53C samples were incubated with Congo red (Sigma) at 10 μ[m]{.smallcaps}. After 30 min, the absorbance of the suspension at 477 and 540 nm was measured, and the amount of Congo red bound to amyloid fibrils (mol of Congo red bound/liter of suspension) was calculated with the following formula: *A*~540\ nm~/25,295-*A*~477\ nm~/46,306. For polarization microscopy ([@B21]), these aggregates were washed three times with CRBB and the ressuspended pellets were transferred to glass slides and cover slides. p53C aggregates stained with Congo red were analyzed using a Olympus BX51 light microscope equipped with polarizers.

#### Immunofluorescence Co-localization Assay in Archived Breast Cancer Biopsies

Paraffin-embedded tumor biopsies from five breast cancer cases diagnosed as invasive ductal carcinoma and previously analyzed for TP53 mutational status were obtained from the Department of Pathology at the Fernandes Figueira Institute (IFF-FIOCRUZ) in Rio de Janeiro, Brazil. Briefly, tumor sections were incubated in 10 m[m]{.smallcaps} citrate buffer at pH 6.0 and 55 °C for 20 min for antigen retrieval, and nonspecific antigenic sites were blocked with PBS/BSA 5%. Next, sections were labeled with the A11 primary antibody (1:2,000) and then incubated with a donkey anti-rabbit Alexa Fluor 555-conjugated secondary antibody. Next, these labeled sections were incubated with a mouse monoclonal anti-human p53 protein DO-1 primary antibody (1:200), which was followed by incubation with a donkey anti-mouse Alexa Fluor 488-conjugated secondary antibody. In both cases, the primary antibodies were incubated overnight at 4 °C, and the secondary antibodies were incubated for 1 h at room temperature in a moist and dark chamber. The samples were washed and mounted and analyzed under a confocal laser scanning microscope (LSM 510 META, Carl Zeiss Inc.). The study was approved by the local research ethics committee.

#### Cell Culture of Tumoral Cell Lines

The human breast carcinoma cell lines MCF-7 (wild-type p53) and MDA-MB 231 (mutated p53 - p.R280K.) were obtained from the American Type Culture Collection (ATCC, Manassas, VA). MCF-7 cells were cultured in DMEM containing 1.0 g/liter glucose supplemented with 2.0 g/liter HEPES, 3.7 g/liter sodium bicarbonate, 10% fetal bovine serum, and 5 μg/ml bovine insulin. MDA-MB 231 cells were cultured in DMEM containing 4.5 g/liter glucose supplemented with 2.0 g/liter HEPES, 3.7 g/liter sodium bicarbonate, and 10% fetal bovine serum. A total of 100 units/ml penicillin and 100 μg/ml streptomycin were added to the culture plates prior to the experiments. The cells were maintained at 37 °C in a humidified atmosphere containing 5% CO~2~.

#### Size-exclusion Chromatography (SEC) and Western Blotting Analysis of the Fractions

To analyze the degree of p53 aggregation in cell lines, we have lysed both MCF-7 (WT) and MDA-MB-231 (R280K) cells in a buffer containing Tris-HCl 5 m[m]{.smallcaps}, NaCl 150 m[m]{.smallcaps}, 0.5% sodium deoxycholate, and protease inhibitor mixture (Sigma) using liquid nitrogen. The lysate was centrifuged for 5 min at 3,000 rpm and 250 μl of the supernatant was immediately loaded onto a Superdex S200 HR10/30 column (GE Healthcare) equilibrated in a buffer containing 50 m[m]{.smallcaps} Tris-HCl, 150 m[m]{.smallcaps} NaCl, 5 m[m]{.smallcaps} dithiothreitol, 5% glycerol, pH 7.5) using a 0.4 ml/min flow in a Shimadzu Ultra Fast Liquid Chromatograph. The eluted fractions were precipitated with trichloroacetic acid and washed with acetone. Cell extract fractions were resolved by SDS-PAGE (10%) and the separated proteins transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked overnight at 4 °C in Tris-buffered saline containing 1% Tween 20 (TBS-T) and 5% nonfat milk and incubated for 2 h with the primary antibody anti-p53 (DO-1) (1:10,000). Next, the membranes were washed with TBS-T and incubated with a peroxidase-conjugated secondary antibody (1:5,000) for 1 h. Immunoreactive bands were visualized by ECL Western blotting Detection System (GE Healthcare, Buckinghamshire, UK), according to the manufacturer\'s instructions.

#### Immunofluorescence Co-localization Assays in Breast Cancer Cell Cultures

The human breast epithelial carcinoma cell lines MCF-7 and MDA-MB 231 were washed twice with PBS (phosphate-buffered saline), fixed with formaldehyde solution (3.7%) and permeabilized with Triton X-100 (0.5%). The cells were then incubated with 5 m[m]{.smallcaps} ammonium chloride for 30 min, and nonspecific antigenic sites were blocked with PBS/BSA 3% (phosphate saline buffer/bovine serum albumin) for 2 h. The cells were simultaneously labeled with a mouse monoclonal anti-human p53 protein DO-1 primary antibody (1:200) and an anti-oligomer A11 primary antibody (1:1,000) for 2 h at room temperature. Next, the cells were incubated with anti-mouse Texas Red 561 and anti-rabbit IRDye® 680LT-conjugated secondary antibodies for 1 h at room temperature in a dark chamber. The cells were washed and analyzed using confocal laser scanning microscopy (LSM 510 Meta, Carl Zeiss Inc.).

RESULTS
=======

### 

#### Aggregation of Full-length p53 and p53C under Different Conditions

Previous studies have reported the buildup of p53 in tumor cells ([@B9], [@B10], [@B22], [@B23]), and we previously demonstrated the ability of p53C to form aggregates *in vitro* ([@B3]). To evaluate the mechanism of p53C aggregation in different environments, we initially characterized the aggregation kinetics of the wild-type and R248Q mutant forms of p53C at 37 °C and pH 7.2 or 5.0 (37T aggregate, [Fig. 1](#F1){ref-type="fig"}). The aggregation into amyloid structures was monitored by measuring the binding of the protein to thioflavin T (ThT) ([Fig. 1](#F1){ref-type="fig"}*A*), as ThT is known to bind both amyloid oligomers and fibrillar aggregates. Our results show that p53C is prone to form aggregates when incubated for 2 h at 37 °C (37T aggregate). The R248Q mutant aggregates to a larger extent than wild-type p53C when incubated at pH 7.2. Accordingly, there was higher Congo red binding of aggregated R248Q p53C than aggregated WT p53C at pH 7.2 ([Fig. 2](#F2){ref-type="fig"}*A*). In addition, Congo red birefringence analysis evidenced the amyloid character of WT p53C and R248Q p53C aggregates ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*). However, both proteins aggregated less at pH 5.0 ([Fig. 1](#F1){ref-type="fig"}, *inset*). The studies at low pH were prompted by our previous findings that p53 (mutant and wild-type) proteins form molten globules at pH 5.0 ([@B24]) and the fact that acidic pH has been related to tumor environments ([@B25]).

![**Aggregation kinetics and morphology of WT p53C and mutant R248Q 37T aggregates.** *A*, samples at 5 μ[m]{.smallcaps} were incubated at 37 °C for 2 h in the presence of ThT at a 5 ThT:1 protein molar ratio at pH 7.2 or pH 5.0. The aggregation was monitored over time based on the increase in ThT fluorescence emission (excitation 450 nm; emission 480 nm) for WT p53C at pH 7.2 (*black line*) and R248Q at pH 7.2 (*gray line*). *Inset*: WT p53C at pH 5.0 (*black line*) and R248Q at pH 5.0 (*gray line*). *B*, images obtained using 5 μ[m]{.smallcaps} of each sample incubated at 37 °C for 30 min. *Black* and *white arrows* indicate fibrillar and oligomeric aggregates, respectively. Scale bars are shown in each figure.](zbc0341218910001){#F1}

![**Evaluation of amyloid nature of p53 aggregates by Congo red binding and birefringence.** *A*, soluble and aggregated WT and R248Q p53C samples at 1 μ[m]{.smallcaps} (pH 7.2) were incubated with Congo Red at 1:10 molar ratio for 30 min. The extent of Congo Red binding to the 37T-aggregates is shown as μmol of bound Congo Red per liter of aggregate solution determined as described under "Experimental Procedures." *B* and *C*, Congo Red green birefringence visualized by polarized light microscopy of WT p53C HT-aggregate (*B*) and R248Q p53C HT-aggregate (*C*). The images were obtained at 400× magnification.](zbc0341218910002){#F2}

To verify that the species generated in solution were typical amyloid forms, we examined their morphology using TEM. Fibrillar, oligomeric, and amorphous aggregates were observed in the electron micrographs of aggregates obtained under various conditions ([Fig. 1](#F1){ref-type="fig"}*B*, *arrows*). Moreover, the heterogeneous aggregation of p53 resembled the aggregation of mammalian prion proteins (PrP) ([@B26]). We also analyzed the size distribution of 37T aggregates formed by p53C WT and R248Q using DLS. We were not able to determine the size of the high molecular weight aggregates observed at pH 7.2 due to the detection range of the equipment (from 0.1 to 1,000 nm). However, following centrifugation of the aggregates, the soluble oligomeric species could be characterized at both pH values, yielding a hydrodynamic radius (Rh) of 66 ± 4 nm (% polydispersity = 3.1) for the R248Q mutant at pH 5.0. Even after centrifugation, the oligomeric species isolated at pH 7.2 were more heterogeneous than those obtained at pH 5.0, yielding Rh values between 80 and 125 nm for both WT and R248Q p53C at 7.2. It is interesting to note that, for both mutant and wild-type p53C, the aggregates formed at pH 7.2 presented a higher Rh than those formed at pH 5.0.

To evaluate whether the aggregation properties found for p53C and other domains were present in the full-length protein, we examined the aggregation at physiological conditions. Even at relatively low protein concentrations, full-length p53 underwent aggregation at 37 °C with kinetics very similar to those of p53C ([Fig. 3](#F3){ref-type="fig"}*A*). Moreover, the ThT spectrum collected after 12 h was typical of those of amyloid-bound dyes ([Fig. 3](#F3){ref-type="fig"}*B*).

![**Full-length p53 aggregation followed by an increase in ThT fluorescence.** *A*, 2-h kinetics of p53 aggregation followed by ThT binding and an increase in ThT fluorescence. Excitation: 450 nm, emission: 510 nm. *B*, ThT spectra in the absence (*black line*) and presence of p53. The *blue line* corresponds to soluble p53, and the *red line* corresponds to the ThT spectrum after 12 h of p53 aggregation.](zbc0341218910003){#F3}

#### Seeding of Wild-type p53 Aggregation by R248Q Mutant Oligomers and Fibrils

One important question that emerged was whether the higher aggregation propensity of the R248Q mutant was related to the negative dominance effect observed *in vivo*. To verify the molecular mechanism of this conversion, we performed a classical seeding experiment ([Fig. 4](#F4){ref-type="fig"}). R248Q was aggregated by incubation at 37 °C for 30 min and, after performing a 10-fold dilution, it was added to wild-type p53. There was a clear suppression of the lag phase of wild-type p53 aggregation (*dark gray line*), demonstrating the significant seeding potential of the aggregated mutant protein.

![**Seeding of wild-type p53 aggregation by aggregated R248Q.** Aggregation was monitored by thioflavin T fluorescence emission (excitation: 450 nm; emission: 482 nm) over time at 37 °C. Wild-type p53 at 10 μ[m]{.smallcaps} (*black line*) or R248Q at 20 μ[m]{.smallcaps} was incubated at 37 °C for 30 min, and after 10-fold dilution, the protein was added to 10 μ[m]{.smallcaps} wild-type p53 (*dark gray line*). Also, R248Q was seeded alone at 2 μ[m]{.smallcaps} as a control (*gray line*). The concentration of ThT was 35 μ[m]{.smallcaps}, and measurements were performed at pH 7.2 in 10 m[m]{.smallcaps} Tris buffer, 150 m[m]{.smallcaps} NaCl, 5% glycerol, and 5 m[m]{.smallcaps} DTT. The aggregated fraction = (F~obs~ − F~I~)/(F~F~ − F~I~), where F is the ThT fluorescence emission intensity, F~obs~ represents the observed fluorescence emission, F~I~ is the initial fluorescence, and F~F~ is the final fluorescence.](zbc0341218910004){#F4}

#### Structural Characterization of the Aggregates

The aggregates of p53C were characterized structurally and functionally using x-ray diffraction, A11 antibody binding and cytotoxicity assays. The amyloid nature of p53 aggregates remains controversial. To further evaluate the aggregation of p53C, we followed ThT fluorescence during the pressurization and heat treatment of soluble p53C and observed that p53C aggregation in samples incubated at pH 7.2 was much greater than that in samples incubated at pH 5.0 ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*). The R248Q aggregate bound more ThT than WT p53C at a high temperature and pH 7.2 ([Fig. 5](#F5){ref-type="fig"}*B*), whereas the opposite was observed for the HP treatment at pH 7.2, where WT p53C bound more ThT than did R248Q ([Fig. 5](#F5){ref-type="fig"}*A*). Both protein constructs showed similar ThT binding at pH 5.0, regardless of the treatment (HP or HT) used ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*).

![**Characterization of WT p53C and R248Q aggregation induced by high pressure, high temperature, or incubation at 37 °C for 2 h.** *A*, WT p53C at pH 7.2 (*diamond*) or pH 5.0 (*circle*) and R248Q at pH 7.2 (*triangle*) or pH 5.0 (*square*) at 5 μ[m]{.smallcaps} were subjected to increasing pressures (up to 3 kbar) or to (*B*) temperatures ranging from 25 °C to 60 °C, and aggregation was monitored according to ThT fluorescence (50 μ[m]{.smallcaps}). *C*, Far-UV CD spectra of R248Q p53C at pH 7.2 (*solid line*), pH 5.0 (*dotted line*) and after HT-induced aggregation at pH 5.0 (*dashed line*). ThT was excited at 450 nm, and light emission was collected from 470 to 530 nm. *D*, FTIR spectra of non-aggregated R248Q p53C (*solid line*) and 37T-aggregate of R248Q p53C obtained at pH 7.2 (*dashed line*) or at pH 5.0 (*gray*).](zbc0341218910005){#F5}

It is known that both fibrillar and ordered aggregates have additional β-sheet secondary structure than the native protein ([@B11]). Therefore, we used circular dichroism (CD) to evaluate the secondary structure content of mutant p53C (R248Q) upon incubation at pH 7.2 and 5.0 ([Fig. 5](#F5){ref-type="fig"}*C*) in its soluble and aggregated states. All spectra showed a β-sheet-rich profile, as previously demonstrated for both soluble and aggregated wild-type proteins ([@B3], [@B27]). Note that the CD spectra of both HT aggregates ([Fig. 5](#F5){ref-type="fig"}*C* and [supplemental Fig. S1*A*](http://www.jbc.org/cgi/content/full/M112.340638/DC1)) at pH 5.0 demonstrated greater β-sheet content than the soluble samples.

We also analyzed the secondary structural content of soluble and aggregated forms of p53C by FTIR. After aggregation, the samples were dialyzed against water and further lyophilized and deposited directly onto the ATR surface. The amide I region (1700 to 1600 cm^−1^) was deconvoluted, and the secondary structure components were assigned as previously described ([@B17], [@B18]). Although the secondary structure differences were not great, we observed increased β-sheet content in the aggregates of both WT p53C and mutant R248Q ([supplemental Table S1](http://www.jbc.org/cgi/content/full/M112.340638/DC1); [Fig. 5](#F5){ref-type="fig"}*D*; [supplemental Fig. S1, *B* and *C*](http://www.jbc.org/cgi/content/full/M112.340638/DC1)). The FTIR results demonstrated more extensive β-sheet content at pH 5.0 than at pH 7.2, which corroborates the circular dichroism data ([Fig. 5](#F5){ref-type="fig"}*C* and [supplemental Table S1](http://www.jbc.org/cgi/content/full/M112.340638/DC1)). The integral intensities of each identified secondary structure component after deconvolution and curve fitting of the amide I region are shown in [supplemental Table S1](http://www.jbc.org/cgi/content/full/M112.340638/DC1).

#### The p53C Aggregates Interact with Anti-amyloid Oligomers

Conformation-dependent antibodies are powerful tools for examining misfolding and the mechanisms of amyloid formation. The A11 antibody binds to an epitope that is common to several types of amyloid oligomers and is unable to recognize the native protein ([@B19]). We evaluated A11-binding by p53C under various conditions by dot-blot assay and observed that only the samples at pH 7.2 were strongly labeled by the antibody ([Fig. 6](#F6){ref-type="fig"}*A*). One potential explanation for this finding is that only p53C aggregates formed at pH 7.2 have the typical aggregation properties of amyloid oligomers and fibrils.

![**p53C amyloid aggregates characterized by dot-blot immunoassay (*A*), x-ray diffraction (*B* and *C*), and TEM (*D*).** *A*, HP aggregate, HT aggregate, or WT p53C at pH 7.2, WT p53C at pH 5.0, R248Q at pH 7.2, R248Q at pH 5.0, soluble WT p53C, soluble R248Q, aggregated TTR, and soluble BSA. X-ray diffraction spectra of (*B*) p53C WT and (*C*) the R248Q HP-aggregate at pH 7.2. *D*, TEM analysis of the HT and HP aggregates of WT p53C and R248Q at pH 7.2 and pH 5.0. Samples at 5 μ[m]{.smallcaps} were subjected to increasing temperatures up to 60 °C and pressures up to 3 kbar at 37 °C, and TEM images were collected immediately after the treatments.](zbc0341218910006){#F6}

#### p53C Aggregates Exhibit an Amyloid-like Pattern

The x-ray diffraction pattern of the HP aggregate of WTp53C and R248Q at pH 7.2 was consistent with the typical conformation of cross β-sheet amyloid fibers with 4.7 Å and 10 Å reflections ([@B7], [@B28]) ([Fig. 6](#F6){ref-type="fig"}, *B* and *C*). Although the HP aggregate at pH 5.0 also formed fibers, as observed by TEM ([Fig. 6](#F6){ref-type="fig"}*D*), we were unable to collect x-ray diffraction data for this sample. For the HT aggregate, we observed typical amyloid diffractions of WT p53C at pH 7.2 and pH 5.0 and of R248Q at pH 7.2 ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M112.340638/DC1)). As the x-ray diffraction pattern exhibits an amyloid fibril "fingerprint", these findings indicate that p53C forms fibrillar aggregates under the conditions described above. TEM was used to characterize the morphology of the p53C HT and HP aggregates. We aimed to correlate the different types of aggregates obtained with the physical treatments used, *i.e.* high pressure and high temperature at either pH 7.2 or 5.0. The TEM images were obtained at room temperature immediately after the treatments were carried out ([Fig. 6](#F6){ref-type="fig"}*D*), and we observed that the p53C aggregates were mostly fibrillar, although non-fibrillar aggregates were also visualized. Different populations of amyloid oligomers could also be observed; these aggregates represent typical precursors of fibrils and include annular (doughnut-shaped) species. Moreover, the R248Q aggregates had a morphology similar to that of the wild-type aggregates.

The heterogeneity of the p53C aggregates was also evident from the analysis of Congo red birefringence ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*). For all the conditions used to produce aggregates, we found areas with apple-green birefringence under polarized light, typical of amyloid fibrils ([Fig. 2](#F2){ref-type="fig"}). There were also areas with anomalous colors, which have been also assigned to amyloid aggregates ([@B21]).

#### p53C Aggregates Are Toxic to Cells in Culture

Cell viability assays after exposure to amyloid aggregates have been used for several proteins involved in human diseases ([@B11], [@B26], [@B29]--[@B31]). To determine whether the aggregates of p53C would be cytotoxic, as other amyloidogenic proteins, we performed a cell viability assay (LIVE/DEAD). Vero cells were exposed to HP or HT aggregates of WT p53C or R248Q obtained at pH 7.2 or 5.0 for 48 h ([Fig. 7](#F7){ref-type="fig"}). We observed a co-localization of dead cells and the deposition of aggregates ([Fig. 7](#F7){ref-type="fig"}*B*), whereas exposure to soluble wild-type and R248Q p53C was much less cytotoxic ([Fig. 7](#F7){ref-type="fig"}*A*). In addition, there was no distinction between the cytotoxicity of wild-type and mutant protein aggregates. Cytoxicity is not a property of p53 aggregates only, but allowed us to reveal common characteristics between p53C aggregates and those formed by proteins involved in amyloid diseases. The fluorescence intensities could not be compared between live and dead cells because the p53C aggregates also reacted with calcein, our marker for live cells.

![**Cytotoxicity evaluation of HP and HT aggregates of WT and R248Q p53C.** Soluble p53C (*A*) and aggregated p53C (*B*) at 4 μ[m]{.smallcaps} were added to Vero cells, and cell viability was measured using a LIVE/DEAD assay 48 h later. The *first panel* represents a control consisting of exposure to buffer only.](zbc0341218910007){#F7}

#### Wild-type p53 and Mutant R248Q Aggregates in Tumor Biopsies

We next analyzed whether p53 aggregation takes place in diseased tissues, particularly aggregates of R248Q, which demonstrated a greater tendency to aggregate *in vitro*. We detected p53 aggregates using an immunofluorescence co-localization assay with A11 and anti-p53 DO1 antibodies for archived samples of breast cancer tissues expressing mutant R248Q and wild-type p53, as previously described ([@B9]). Intense antibody binding was observed in p53 mutant cancer cells with anti-p53 and anti-oligomer A11, demonstrating a strong co-localization signal ([Fig. 8](#F8){ref-type="fig"}).

![**Detection of native and aggregated p53 in tumor biopsy samples.** Paraffin-embedded breast cancer tissues expressing WT p53 or R248Q. The samples were labeled with anti-p53 DO1 and anti-oligomer A11 antibodies. The first column shows p53-labeling, the second column shows the labeling of aggregates, and the third column shows the merged images of p53-labeling and A11-labeling. The images were obtained at 40,000× magnification.](zbc0341218910008){#F8}

The R248Q breast tissue biopsy was obtained from a patient with invasive ductal carcinoma of Elston grade 3. The tumor was negative for estrogen and progesterone receptors. Previously, we found that other hot-spot mutations demonstrated a high co-localization of p53 in amyloid-like aggregates ([@B9]).

Conversely, in wild-type cancer cells, we detected few cells with clear co-localization spots in only one of four samples ([Fig. 8](#F8){ref-type="fig"}). It is possible that p53 was inactive in these samples or in some alternative conformation that would promote the formation of aggregates.

#### Co-localization of Full-length p53 and Aggregates in Tumor Cell Lines

To analyze the p53 aggregation pattern in breast cancer cell lines, we performed immunofluorescence co-localization experiments by labeling endogenous p53 and aggregates in MCF-7 cells, which express wild-type p53, and in MDA-MB 231 cells, which express the R280K p53 mutant. Confocal microscopy images revealed a weak distribution of wild-type p53 in the cytosol and punctate labeling near the perinuclear region (*arrowheads*, [Fig. 9](#F9){ref-type="fig"}) in MCF-7 cells. However, predominant nuclear localization of mutated-p53 was observed in MDA-MB 231 cells. In these cells, mutated p53 strongly co-localized with the aggregates and was totally entrapped in the nuclear region (N) ([Fig. 9](#F9){ref-type="fig"}*A*).

![**Detection of native and aggregated p53 in breast cancer cell lines.** *A*, MCF-7 (wild-type p53) and MDA-MB 231 (mutated p53) cells were labeled with anti-p53 (DO-1) and anti-oligomer (A11) primary antibodies. The *first column* shows the bright field images, the *second column* shows p53-labeling, the *third column* shows the labeling of aggregates, and the *last column* shows the merged images of p53 labeling and aggregate labeling. The images were obtained at 63,000× magnification. *B*, size exclusion chromatography fractions (SEC) of the extract of the MCF-7 (*red line*) and MDA-MB 231 (*black line*) tumoral cell lines. Western blotting against p53 was carried out for the eluted fractions (*C*). Aggregated p53 eluted in the column void volume.](zbc0341218910009){#F9}

To further confirm that the aggregates contained p53, we performed SEC of the proteins extracted from the MCF-7 and MDA-MB 231 tumoral cell lines followed by p53 Western-blotting detection ([Fig. 9](#F9){ref-type="fig"}, *B* and *C*). p53 aggregates were eluted in the void volume of the column, and a greater amount of p53 was eluted as aggregates, other than as tetramers in the tumoral cell lines.

DISCUSSION
==========

In this report, we described p53 aggregation into amyloid structures at pH values of 7.2 and 5.0, which occur naturally in the cellular environment. In addition, we show for the first time that full-length p53 is prone to aggregate at 37 °C under physiological conditions. Remarkably, R248Q amyloid oligomers and fibrils were able to seed the aggregation of WT p53, which is a behavior typical of prions. We also detected p53 aggregates in breast cancer biopsy samples expressing the somatic mutation R248Q and in the nuclei of tumoral cells expressing the R280K mutation. Our study also provides the first description of the p53 core domain amyloid pattern based on x-ray diffraction and labeling with anti-oligomer A11 antibody under mild conditions. Moreover, the heterogeneous character of p53 aggregation was shown by transmission electron microscopy. Each of these approaches provided valuable information regarding the nature of the p53 fibrils and amyloid oligomers.

The accumulation of p53 is related to a loss-of-function of this protein and has been observed in various cancers including neuroblastoma, retinoblastoma, breast and colon cancers ([@B22], [@B32], [@B33]). A better understanding of how aggregates form and their nature is crucial to fully dissect this mechanism, which is potentially related to cancer.

We performed three procedures to obtain p53 aggregates. In all cases, we found that p53C aggregation was greater at pH 7.2 than at pH 5.0 ([Figs. 1](#F1){ref-type="fig"}*A* and [5](#F5){ref-type="fig"}). TEM analysis showed that the 37T, HT, and HP aggregates formed fibrillar and amorphous aggregates at both pH values evaluated ([Figs. 1](#F1){ref-type="fig"}*B* and [5](#F5){ref-type="fig"}*D*). Moreover, the CD and FTIR data demonstrate that the aggregate forms of WT and mutant p53C possess more β-sheet content than the soluble species, and significantly bind to Congo Red ([Figs. 2](#F2){ref-type="fig"} and [5](#F5){ref-type="fig"}, *C* and *D*), which is typical of amyloid fibril formation ([@B9]).

The x-ray diffraction data exhibited an amyloid pattern for both WT p53C and R248Q samples subjected to high pressure and high temperature ([Fig. 6](#F6){ref-type="fig"}, *B* and *C* and [supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M112.340638/DC1)). These diffraction patterns revealed characteristic amyloid reflections (4.7 Å and 10 Å) due to the spacing in the regular repetitions of cross-β structures ([@B28]). Another region of p53 has also been described to aggregate into amyloid structures when incubated at pH 3.0 ([@B7]).

Oligomers, which occur within the pathway to fibril formation, have been described as the toxic species in amyloid diseases ([@B34], [@B35]). To evaluate the amyloid oligomers of p53C, we used the anti-oligomer antibody A11 ([@B19]) and found that only the HT and HP aggregates were labeled by the antibody at pH 7.2 ([Fig. 6](#F6){ref-type="fig"}*A*). It is possible that only the aggregates that formed at pH 7.2 contained a significant population of amyloid oligomeric precursors following the period chosen for incubation.

Moreover, we found that p53C aggregates induced cell death, as other amyloidogenic proteins. Cell death occurred in the presence of fibrillar or amyloid oligomers (WT and R248Q mutant p53) ([Fig. 7](#F7){ref-type="fig"}). Previous studies using an MTT reduction assay indicated that aggregates of WT p53C (obtained at pH 7.2) could cause cellular dysfunction in cultured macrophages ([@B3]). N-terminal aggregates of p53 have also been shown to be cytotoxic ([@B7]). This behavior of p53 aggregates is also similar to that observed for aggregates of mammalian prion proteins ([@B14], [@B26]).

Mutant p53 proteins often accumulate at extremely high levels in tumors ([@B36]). In fact, immunohistochemical analyses of p53 in tumors have detected mutant p53 produced by gene missense mutations, which are related to poor cancer prognoses ([@B37]). In addition, in a subset of tumors, inactive wild-type p53 is retained in the cytoplasm and impairs the transcription factor activity of the active p53 species ([@B22], [@B32], [@B33]).

To determine whether full-length p53 would also undergo aggregation, we evaluated the p53 status in diseased tissues. Aggregates of p53 were detected in breast cancer tissue samples using an immunofluorescence co-localization assay ([Fig. 8](#F8){ref-type="fig"}). Most interestingly, we identified the mutant R248Q protein in the amyloid-like aggregated state in a breast cancer sample expressing this hot-spot mutant ([Fig. 8](#F8){ref-type="fig"}). In our previous work ([@B9]), we demonstrated that the R273H mutant had a high propensity to form amyloid-like aggregates, whereas the hot-spot mutant R175H co-localized with amyloid-like species in very few cells. These observations suggest that p53 aggregation may be dependent on mutation type. Our *in vitro* and *ex vivo* results suggest that the mutant R248Q is prone to aggregate in tumors. Moreover, the high degree of co-localization between p53 and the aggregates also indicates that *in vivo* cells expressing the mutant isoform lead to the co-aggregation of the wild-type isoform, which further supports the evidence for the prion-like action of these proteins.

The significantly higher aggregation propensity of mutant p53 was confirmed by the co-localization of full-length p53 and aggregates in tumoral cell lines ([Fig. 9](#F9){ref-type="fig"}). Whereas there was a very faint labeling of p53 aggregates in the wild-type p53 cell line (MCF-7), there was significant labeling in the nuclei of aggregates of mutant p53 in MDA-MB 231 cells.

Our results strongly suggest a correlation between p53 mutation and p53 aggregation in cells. We propose that the buildup and further aggregation of mutants into ordered species is caused by an inhibition of the degradation process, which may be due to defects in MDM2 protein expression or p53 ubiquitination ([@B37]--[@B39]), as both processes are known to be involved in p53 clearance. In addition, altered cellular trafficking of p53 could lead to abnormal accumulation of p53 in the nucleus or cytoplasm, which would prevent the protein from exerting its normal functions (for a review, see Refs. [@B36] and [@B40]). This seemed to be the case for the results obtained with tumoral cell lines harboring the R280K mutant of p53, where massive p53 aggregation in the nuclei was found ([Fig. 9](#F9){ref-type="fig"}).

It has been suggested that higher concentrations of p53 mutants promote a negative dominance mechanism ([@B41]). According to one hypothesis, wild-type p53 molecules, which are present at a lower concentration, may form heterotetramers with mutants to result in a reduced p53 affinity for DNA ([@B42]). Our group has previously proposed an alternative hypothesis for the negative dominance effect, in which wild-type p53 at lower concentrations would be incorporated into aggregates containing the mutant species ([@B3], [@B4]).

The presence of a misfolded conformation would sequester the correctly folded form, thus suppressing function. This view is consistent with a prion-like mechanism, where the pathogenic species acts as an altered molecular chaperone to induce the correctly folded native protein to acquire the misfolded conformation, thereby increasing aggregation. In the case of p53, mutant forms may be even more susceptible to aggregation, which would amplify this process ([Fig. 10](#F10){ref-type="fig"}). Finally, we propose that aggregation of p53 may act as a sink to sequestrate the native protein into the inactive conformation via a mechanism typical of a prionoid ([@B43], [@B44]).

![**Schematic model for the prionoid conversion and negative dominance of mutant p53.** The native conformations of WT and R248Q p53 are represented as *green* and *orange* molecules, respectively. The misfolded conformation of either molecule is represented in *purple*. According to the model, the prion-like character responsible for the negative dominance effect would occur in the oligomers.](zbc0341218910010){#F10}

The observation that WT and mutant p53 forms aggregate as amyloids, which are associated with the negative dominant effect, adds an amyloid characteristic to cancer. In a recent review article, Antony *et al.* ([@B14]) discussed the potential role of prions and protein-only inheritance in cancer. They argue how somatic inheritance in mammalian cells (including p53) may contribute to cancer phenotypes, and these authors also stress how the involvement of prion-like mechanisms in cancer can lead to novel therapeutic targets.

[Fig. 10](#F10){ref-type="fig"} presents a schematic diagram for how misfolded p53 could divert native protein into aggregates and how the mutant form, with its greater propensity for aggregation, would lead to a negative dominance effect. This diagram has evolved from a previous proposal ([@B3]) by incorporating the results demonstrating the seeding potential of R248Q aggregates and our findings that both wild-type and mutant p53 form heterogeneous mixtures of amyloid oligomers and amyloid fibrils. Heterooligomerization is more likely to occur in smaller aggregates, and the formation of fibrils leads the system toward fewer reversible species. Thus, in contrast to previous proposals ([@B3], [@B10]), the heterogeneous character of the amyloid aggregates is the key feature that leads to the negative dominance effect, not only the tendency to form fibrils. This feature also likely explains why the anti-oligomer antibody bound a significant amount of targets in tumor tissues containing the R248Q mutation.

At low pH, there was less formation of fibrillar p53 species. Aggregation at acidic pH may occur in some cellular compartments, such as lysosomes, endosomes, and proteasomes, which are associated with protein translocation and degradation. It has been reported that p53 adopts a molten-globule state at low pH ([@B24]) and would therefore have a lower tendency toward aggregation. It is noteworthy that the molten-globule state of the p53 DNA-binding domain is the client conformation for interaction with the chaperone Hsp90 ([@B45]).

The prionoid character of mutant p53 is also a potential target for therapeutic action. Aptameric nucleic acids and glycosaminoglycans have been evaluated as drug candidates against mammalian prions ([@B46]--[@B48]) and therefore represent strong candidates to tackle p53 prion-like aggregation. Moreover, complementary studies may reveal the biological and clinical importance of p53 aggregates and help to develop new strategies for intervening against aggregation formation.
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